Abstract The 2m temperature (T2m) and precipitation from five regional climate models (RCMs), which participated in the ENSEMBLES project and were integrated at a 25-km horizontal resolution, are compared with observed climatological data from 13 stations located in the Croatian coastal zone. The twentieth century climate was simulated by forcing RCMs with identical boundary conditions from the ERA-40 reanalysis and the ECHAM5/MPI-OM global climate model (GCM); climate change in the twenty-first century is based on the A1B scenario and assessed from the GCM-forced RCMs' integrations. When forced by ERA-40, most RCMs exhibit cold bias in winter which contributes to an overestimation of the T2m annual cycle amplitude and the errors in interannual variability are in all RCMs smaller than those in the climatological mean. All models underestimate observed warming trends in the period 1951-2010. The largest precipitation biases coincide with locations/seasons with small observed amounts but large precipitation amounts near high orography are relatively well reproduced. When forced by the same GCM all RCMs exhibit a warming in the cold half-year and a cooling (or weak warming) in the warm period, implying a strong impact of GCM boundary forcing. The future eastern Adriatic climate is characterised by a warming, up to ?5°C towards the end of the twenty-first century; for precipitation, no clear signal is evident in the first half of the twenty-first century, but a reduction in precipitation during summer prevails in the second half. It is argued that land-sea contrast and complex coastal configuration of the Croatian coast, i.e. multitude of island and well indented coastline, have a major impact on small-scale variability. Orography plays important role only at small number of coastal locations. We hypothesise that the parameterisations related to land surface processes and soil hydrology have relatively stronger impact on variability than orography at those locations that include a relatively large fraction of land (most coastal stations), but affecting less strongly locations at the Adriatic islands.
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Introduction
Information about climate, climate variability and climate change obtained from climate models is indispensable for studies of various aspects of climate at local level. For many such studies, data taken directly from GCMs are, however, at insufficient spatial scales (Christensen et al. 2007a) . At an average GCM resolution, some important climate-related local features are smoothed or even lost. For example, for countries like Croatia, with diverse local climates affected by complex topography and intricate coastal features, global models cannot represent sufficiently well the impacts of small-scale variations in orography and land-sea contrast. The central question is then how to handle such information, which is available at relatively coarse computational grids, in impact, prevention or adaptation assessment studies that require much finer spatial resolution of data.
Better insight into local climate and variability can be attained by applying various regionalisation methods to GCM data (e.g. Hewitson and Crane 1996; Giorgi 2008) , where dynamical downscaling by RCMs is one possible option (e.g. Giorgi and Mearns 1999) . In response to smallscale external forcing (orography, land-sea contrast) and because of the effects of internal dynamics, RCMs are able to recover local climate features with appropriate amplitudes and accurate statistics (Laprise et al. 2008) . Thus, when compared with GCMs, RCMs improve the spatial and temporal resolution of climate parameters, implicitly making evident that RCMs add value to studies of smallscale phenomena. However, the actual condition at any particular site, i.e. station location, cannot be accurately represented; even the highest resolution RCM describes only an average over a relatively large model grid box (Barry and Chorley 2003) .
The comparison of modelled results with observation is neither straightforward nor necessarily agreeable; however, this should not a priori disqualify models as being deficient. The question is how to reconcile climate model gridbox averages with the observed climate at a specific site? A generally accepted approach, particularly when analysing RCM results is that model values from a single model grid box, which coincides with station location, are compared with station data (e.g. Moberg and Jones 2004; Kjellström et al. 2007; Rivington et al. 2008; Kotroni et al. 2008 ). Moberg and Jones (2004) argued that the much smaller size of RCM grid boxes enables station data to provide useful information on model errors without the aggregation of station data as it was recommended for GCMs by Osborn and Hulme (1997) . In particular, this is appropriate for temperature which has a much stronger spatial coherence than precipitation. Even then some manipulation of modelled data may be required-for T2m, for example, a standard lapse rate correction might be applied to account for the difference in altitude between the model's grid box and a station. Rivington et al. (2008) argued that ''it would be reasonable to expect that the RCM hindcast data at the grid cell scale would be 'characteristic' of observed data from 'typical' individual sites within the cell''. This is also applicable to observed climate values which are smoothed anyway, since some sort of averaging (monthly or seasonal) is applied, and climate itself is defined as an average from long time-series. As the horizontal resolution of RCMs is further increased (as, for example, to 25 km in Kotroni et al. 2008) , it seems even more appropriate to use point measurements to directly validate models. At such a fine resolution, the small-scale variation of temperature is normally very small and the issue of spatial distribution of observational data and grid-box size becomes less important. However a caveat is needed here; for example, Branković et al. (2012) demonstrated that in the region of very steep orography over the mountainous part of Croatia, a RCM with a 35-km grid spacing had difficulties to reproduce the observed spatial variation of seasonally averaged temperature extremes. On the other hand, in the 10-km resolution RCM integrations made by Ö nol (2012), temperature variations in a region with steep orography (Turkey) were reasonably well reproduced. He validated the model temperature results directly with observations, but for precipitation a bilinear interpolation was applied. Moberg and Jones (2004) compared the European observed daily temperature maxima and minima for the period with the nearest corresponding grid-box results from HadRM3P 1 RCM which was integrated at approximately 50-km grid. In southern Europe, the modelled too high temperature maxima were attributed to excessive model drying. They claim improved spatial coherence of biases in the maximum and minimum temperatures if the nearest grid boxes on land were used instead of sea grid boxes located just off the model coastline. But even then there is an overestimation of the maximum temperature for coastal stations in the central and eastern Mediterranean. Kjellström et al. (2007) also compared daily maximum and minimum temperatures from ten RCMs that took part in the European PRU-DENCE 2 project with observations from the EOBS 3 dataset (Klein Tank et al. 2002; Haylock et al. 2008) . All the models were integrated at grid resolution between 50 and 70 km. They found that models overestimate the maximum temperatures in southern Europe during the summer and the minimum temperatures in winter are underestimated in the southeast. For most of the RCMs considered, they did not find large positive bias in southern Europe as discussed in Moberg and Jones (2004) . Kotroni et al. (2008) used a 25-km version of the Hadley Centre PRECIS 4 model, which originates from the abovementioned HadRM3P used in Moberg and Jones (2004) . They compared the 1961-1990 model results with stations that were located in south-eastern Europe/Mediterranean. During the summer, the model overestimated both (seasonally averaged) daily minimum and maximum temperatures, and the winter diurnal cycle was overestimated, mainly because of underestimation of minimum temperatures.
The spatial distribution of seasonal precipitation in most downscaling studies is reasonably well reproduced (e.g. Kotroni et al. 2008; Kjellström et al. 2011; Branković et al. 2012; Ö nol 2012) . Simulations of precipitation amounts, however, are less successful with often underestimated amplitudes over high orography. This is because smallscale orography in the RCMs appears to be smoother than the real one and does not adequately impact (modulate) local precipitation. Ö nol (2012) demonstrated that the increase of horizontal resolution from 50 to 10 km resulted in more pronounced topographic precipitation. Errors in precipitation could be also induced by (erroneous) largescale circulation within a RCM's domain, which is introduced from the driving GCM boundary conditions. Kotroni et al. (2008) attributed underestimation of precipitation during the cold season in their RCM over stations at the Mediterranean coast to the model's inability to correctly reproduce cyclonic activity in the period when the eastern Mediterranean receives most of its precipitation. MiguezMacho et al. (2005) improved precipitation biases only after correcting circulation errors by applying the spectral nudging technique at the lateral boundaries.
Even RCMs with relatively high horizontal resolution are susceptible to non-negligible systematic errors. In the context of dynamical downscaling this may include errors due to both driving GCM and RCM. Noguer et al. (1998) found that the winter temperature and precipitation errors in their RCM 5 arose mainly from the lateral boundaries. Some aspects of surface temperature and precipitation distributions are controlled by RCM internal processes, which are, in turn, affected by local orographic forcing and land-sea contrast. In particular, this is true for scales that are smaller than the size of the driving GCM grid box. In summer, when weak advection from the lateral boundaries prevails, errors are influenced by both the driving GCM and regional model physics. Errors in simulations of the ''present-day'' climate emphasise the need to cautiously consider, interpret and apply the results from future climate change scenarios in impact studies.
In this study the outputs from five different RCMs from the ENSEMBLES 6 project (van der Linden and Mitchell 2009), integrated at a 25-km horizontal resolution, are compared with climatological data from 13 stations located in the Croatian coastal zone (either on the islands or at the mainland; Fig. 1a ) for the period . When gauging the relative impact of small scales on the eastern Adriatic climate, orography plays an important role in the north but is less important further south, though not completely negligible. The other main cause of small-scale variability comes from a very complex coastal configuration and the land-sea contrast. For the eastern Adriatic islands, which are comparatively small in size and predominantly elongated in their spatial extension, some fractional grid boxes at a relatively high horizontal resolution may contain more than 50 % of sea water. High proportion of sea in a grid box should not invalidate the comparison with observations. Indeed, in the real world, an island station would be more exposed to processes influenced by the sea than by land. The maritime influence on observations is reflected in, for example, the damping of temperature variability and consequently its daily cycle, but this should also be the case in a RCM sea grid box. Therefore, we consider those RCM grid boxes that coincide with station locations, regardless whether they are land or sea boxes (see also the discussion in Sect. 2).
The Adriatic region and the Mediterranean in general are identified by Giorgi (2006) as the climate change ''hot spot'', implying that the impact of climate change on the environment could be very pronounced. Such an impact could make the Mediterranean region particularly vulnerable to climate change that strongly affects precipitation and temperature. The purpose of this study is twofold. First, a qualitative relationship between climate observations in the eastern Adriatic coastal zone and modelled data for the same region is assessed. Understanding the above relationship is important since current RCMs may have difficulties in representing important details in interactions between the atmosphere and the underlying land and sea in Croatia's coastal zone and the influence that they have in determining local climate. Second, since all RCMs were driven by the same GCM, by evaluating the spread among regional models, we would be able to determine to what extent local climate features are correctly captured by models with different physical parameterisations. Finally, climate change at specific locations related to one of the high-forcing IPCC scenarios is ascertained. This is, to our knowledge, the first study that explicitly compares an ensemble of relatively high-resolution RCMs' simulations with observations located in a region with a complex coastal configuration and small-scale orography. Our study has potentially valuable relevance for the Croatian tourism sector, but generally also for the tourism of the whole Mediterranean. The Adriatic is the most important tourist-destination region of Croatia and the tourism industry is one of the main contributors to the nation's GDP. Thus, the evaluation and good understanding of the relationship between the present climate and projected climate change may have important implications on the country's ability to cope with climate uncertainties in the future.
The presentation is organised as follows. In the next section the models, the models' data as well as station data are described. Climate and climate variability from the long-term station data are presented in Sect. 3. In Sect. 4, the observed climate at station locations is compared with simulated climates from five different RCMs. In Sect. 5, the climate of three future 30-year periods is assessed for the same locations. In Sect. 6, a summary and some conclusions are given.
Data

Station data
The Croatian coast is a complicated tangle of hundreds of islands, a well indented coastline and a high and steep orography in its hinterland, particularly in the north and the very southern part. There are over 600 islands and islets covering about 3,300 km 2 , and the length of the coast is over 5,500 km. The mean monthly T2m and accumulated monthly precipitation at 13 stations are analysed for the period 1951-2010 (denoted as DHMZ in corresponding figures). Of the 13 stations considered, 5 are located at the islands, and 8 are coastal stations located at the mainland ( Fig. 1a ; Table 1 ).
Although a typical Mediterranean climate prevails at all Adriatic stations, with mild wet winters and warm to hot Station locations with corresponding numbers are shown in Fig. 1a dry summers (Zaninović et al. 2008) , different geophysical characteristics at the stations' locations may cause variations in local climate. For example, the climate in the northern Adriatic is not identical to that in the southern part, or some coastal stations are affected by the proximity of mountains in their hinterland. To estimate the extent of sea/land influence on the stations' locations, a land-sea fraction (LSF), based on approximately a 1-km resolution, was computed for each station from the GTOPO30 7 dataset. For each station, a 25 km 9 25 km square box, consisting of GTOPO30 1 km 9 1 km cells (625 cells), was centred at a station location (see Fig. 1b ). The fraction of GTOPO30 land cells in such a 25 km 9 25 km square mesh determines the ''true'' station LSF. Such a square box corresponds in size to a 25-km grid box of the RCMs considered here, but they may not necessarily overlap exactly. It is evident from Table 1 that for all island stations, the LSF is less than 50 %, varying between 12 % for station number 12 and 45 % for station 5. For coastal stations, the LSF is greater than 50 %, but there are three exceptions, stations 1, 9 and 13, where the LSF is around 46 %.
Apart from the northern Adriatic region, orography plays a less important role in our study and we may argue that coastal configuration and land-sea contrast are the main cause of small-scale variability. Because it rises steeply from the Adriatic, orography is important for stations 2, 3, and 4 in the north and for station 13 at the very southern coast (Fig. 1a ).
Model data
In this study, the results from five RCMs (Table 2) are analysed and compared with the observational data described in Sect. 2.1. All RCMs participated in the EUsponsored project ENSEMBLES (van der Linden and Mitchell 2009) and were forced by identical boundary conditions; the latter being the main criterion for the selection of the above RCMs out of 13 ENSEMBLES models. The five RCMs were integrated over a common European domain and have horizontal resolution of about 25 km. The models' land surface schemes allow for various types of surface (soil, vegetation) or tiles at the subgrid scale. The following time-series fields were retrieved from the ENSEMBLES database (http://ensemblesrt3.dmi. dk/): monthly mean T2m, monthly mean pressure at the mean sea level (MSLP), monthly mean cloud cover and monthly sums of precipitation.
Two sets of downscaling simulations are analysed (Christensen et al. 2009 ): first, when RCMs were forced by ERA-40 reanalysis (Uppala et al. 2005) in the period 1961-2000 and second, when RCMs were forced by the coupled atmosphere-ocean climate model ECHAM5/MPI-OM 8 (Roeckner et al. 2003) in the period 1951-2100. For each RCM, sea surface temperatures (SSTs) in downscaling simulations are taken from the appropriate forcing data: when RCMs were forced by ERA-40, SSTs were taken from the ERA-40 dataset; when forced by ECHAM5/MPI-OM, SSTs were taken from this GCM. In the ECHAM5/MPI-OM simulations of the reference climate , concentrations of greenhouse gases (GHGs) were specified at observed values; for future climate simulations the GHG concentrations in ECHAM5/MPI-OM and RCMs' were specified as in the IPCC A1B scenario (Nakićenović et al. 2000) .
LSF and orography fields, specific for each RCM, can introduce biases when comparing to local observations, particularly at coastal locations (Heikkilä et al. 2011) . For all but one station (13), the associated model grid boxes have similar orography heights and the largest misrepresentation of orography heights is seen for stations 2, 3 and 4 (Fig. 2) . These stations are located at or relatively close to sea level but in the RCMs they are elevated by several 100 m. To account for possible difference between station altitude and corresponding RCM grid height, the model T2m values are corrected by using a lapse rate of 0.65°C/100 m. Based on ECHAM4 land surface scheme (Roeckner et al. 1996) 7 The U.S. Geological Survey topography data (http://eros.usgs.gov/). Evaluating climate change at the Croatian Adriatic 2357
In most RCMs the LSF may range between 0 and 100 %, but in RegCM it can only acquire either 0 or 100 %. It is important to emphasise that, except three stations in the RegCM (Fig. 2) , all station locations are represented in the RCMs by LSF[0, implicating that no station, even on the islands, is represented as the sea point. The misrepresentation of LSF is most pronounced for stations 10 and 11 in the RegCM and for stations 1, 2 and 10 in other RCMs. Of all island stations, only station 10 (Hvar) is represented in all models by a LSF larger than 50 %. For comparison, in the ECHAM5/MPI-OM, which was integrated at the T63 spectral resolution, corresponding approximately to 200 km in the mid-latitudes, only one (island) station in the southern Adriatic is found to be located at the sea point and all the others are located at land points (crosses in Fig. 2 ).
In this study the data at a specific station are compared with the closest model grid box (e.g. Kotroni et al. 2008; Kostopoulou et al. 2009; Heikkilä et al. 2011) . Since the models differ in terms of grid definition, the choice of the closest model grid box is model dependent. An alternative approach, whereby the nine model grid boxes (3 9 3) centred at and surrounding station location are used to estimate model area averages, was also tested and compared with station data.
The assessment of the RCMs' biases is presented from the runs forced by the ERA-40 data for the period 1961-1990; these runs are compared with the stations' climatology and interannual variability for the same period. Then, the RCMs' results when driven by the ECHAM5/ MPI-OM were analysed. Such specific boundary conditions provide a unique large-scale forcing into the RCM domain and enable an assessment of whether and how physical parameterisations in different RCMs affect the downscaling process.
Statistical methods
T2m from station and modelled data is analysed and discussed in terms of monthly means, and their interannual variability is expressed as standard deviation (SD) from climatological values. For precipitation, the mean monthly amounts (averaged over 30 years) are considered and the measure of interannual variability of monthly totals is the coefficient of variation (c v ) defined as the ratio of standard deviation to the above mean. Extremes in monthly values are identified by low (2nd) and high (98th) percentile (amounts appearing, on average, once in 50 years), calculated from the empirical cumulative distribution function (CDF).
The statistical significance of differences in the mean between modelled and observed annual cycles is determined by the Wilcoxon-Mann-Whitney nonparametric rank-sum test (WMW; see e.g. Wilks 2006 ). The Student t test is also applied as an alternative test for statistical significance. Long-term trends in observed and modelled T2m and precipitation data are estimated by simple least squares fit of a linear model. They are tested for statistical significance at the 95 % confidence level using a nonparametric Mann-Kendall rank statistic (Mitchell et al. 1966; Sneyers 1990) . If significant trends have been found in observations, a progressive trend analysis (Sneyers 1990 ) is performed to identify the initial year of the detected trend.
3 Observed climate and climate change Local climate conditions are described for the 30-year period , which is recommended by the World Meteorological Organization as the referent period for ''present'' climate conditions (WMO 1989 (WMO , 2007 .
T2m
Along the Croatian coastal zone, mean annual T2m depends primarily on latitude, having almost the same values at similar latitudes regardless whether the location is at the mainland coast or on the islands, but conditioned by the station's altitude (Zaninović et al. 2008) . The mean annual T2m is about 13°C at the western coast of the Istrian Peninsula (station 1 in Fig. 1a ) and it ranges between 14 and 15°C at coastal stations (numbered 2, 3, 4) and on the islands (stations 5 and 6) of the northern Adriatic, and between 15 and 16°C along the coast (stations 7, 8, 9, 13) and on the islands (stations 10, 11, 12) of the middle and southern Adriatic.
The average annual T2m cycle has its maximum in the summer, most often in July (22.4-25.4°C) and rarely in August, and the minimum is in January ranging from 4.8 to 8.8°C for the stations from the north to the south respectively ( Fig. 3 top left) . The difference in temperature between the warmest and the coldest month is from 16 to 18°C being higher in the north. Under the strong influence of the sea, autumn is 2-3°C warmer than spring, more expressed towards the south.
Interannual variability in the annual mean temperatures is small and it differs a little along the Croatian coastal zone (SD varies between 0.3 and 0.5°C). The interannual variability of monthly means is also relatively low (Fig. 4  top left) . February is the most variable month with the highest SD values (1.5-2.4°C) and June, July and December are the least likely to change their thermal character (SD is between 0.8 and 1.1°C). This seasonal dependence of the T2m interannual variability is consistent with the variability of the Adriatic Sea SSTs, which reaches the maximum in the period January-March, particularly in the northern Adriatic (Gačić et al. 1997) . The sea moderates temperature extremes in the same way on islands and at the mainland coast and with its large thermal capacity it has a cooling effect in summer and reduces the cold in winter.
In Fig. 4 (top left), station 4 (Senj), and to a lesser extent stations 2 and 8, exhibit the largest T2m variability in the cold half-year. This increased variability is associated with those coastal locations that are exposed to distinct seasonality of the cold Bora wind. The Bora can cause quite a substantial drop of T2m when a low-pressure system traverses the Adriatic drawing cold air from the north or from the Balkan hinterland (e.g. Ivančan-Picek and Tutiš 1995). Although these cold outbreaks are relatively short-lived episodes, they can affect monthly averages. Another interesting feature in Fig. 4 (top left) is a relatively low temperature variability in summer months at island stations. In addition to the damping effect of the SSTs, this low variability may be also indicative of the relatively minor impact of soil processes on surface energy budget because (most) island locations comprise a small fraction of land (Fig. 2) . At some coastal locations (e.g. stations 4, 8, 9 and 13), where the fraction of land is larger than for island stations, the temperature variability increases towards early autumn possibly signifying that both variability and high temperatures (shown in Fig. 3 top left) are effected by progressive soil moisture depletion (e.g. Seneviratne et al. 2002) .
Extremes in the mean monthly T2m, presented here by the 98th and 2nd percentiles, indicate that the difference between their annual cycles is larger in the cold half-year (except December) than in the warm half-year (not shown). At most stations, the largest differences between high and low extremes occur in January and February (5-10°C), probably due to extremely low temperatures related to the situations with the cold Bora wind (Zaninović et al. 2008) . The smallest differences between the upper and lower percentiles occur in June and July and they are from 3 to 4°C.
In the period 1951-2010, a statistically significant increase in the mean annual T2m of 0.07-0.22°C per decade is present along the Croatian coastal zone (Table 3a) . This increase is further amplified within recent shorter periods. For example, in the period , it ranges from 0.28 to 0.71°C per decade. The consequence of such relatively fast atmospheric warming is that five to seven out of ten warmest years since the middle of the twentieth century were recorded in the most recent decade 2001-2010. Positive annual T2m trends are the result of positive trends in all seasons. They are statistically significant for summer (0.19°C/10 years to 0.38°C/10 years) and spring (0.12°C/10 years to 0.29°C/10 years), but positive trends for winter and autumn are comparably weak. In both periods considered, significant spring and summer trends are generally higher in the northern than in the southern Adriatic locations (Table 3a) . According to the progressive trend test, the beginning of such statistically significant annual and seasonal trends is in the second half of the 1990s, becoming significant at the 0.05 level in the first decade of the twenty-first century.
Precipitation
The least annual-mean precipitation of about 300 mm is recorded on the outlying islands of the central Adriatic. Precipitation increases towards the coast where it ranges between 800 and 1,600 mm. Most of the precipitation (1,200-1,600 mm) is recorded on the northern and southern Croatian coast where the steep slopes of the Dinaric Alps in the hinterland are dominant. The relatively low west coast of the Istrian peninsula in the north and the middle Croatian coast experience the same annual amounts of precipitation as the islands (800-1,200 mm) .
The annual cycle of monthly precipitation (Fig. 6 top  left) is of the maritime type (Penzar et al. 2001 ) with the smallest amounts in July (from 16 mm in the south to 81 mm in the north). The main precipitation maximum is in November (100-175 mm). However, the difference between the mean maximum amounts in November and December are becoming smaller in the southern Adriatic so that for stations 10 and 12 the main precipitation maximum is in December. In some years throughout the referent period there was a significant deviation in monthly amounts from the average precipitation conditions; for example, in the autumn and winter months, with normally abundant precipitation, amounts less than 10 mm were observed. In the summer months there were occurrences of very little or no rain, or, on the other hand, the average monthly amount was exceeded several times over (not shown). High monthly variability is especially pronounced in October (more than 70 % of the monthly average) from the north to the middle Adriatic zone (stations 1-7) and in July (higher than 90 %) from the middle Adriatic to the south (stations 8-13). The October maximum in variability coincides with the transition from a relatively dry weather regime, which prevails over the Mediterranean in summer, to the wet season that dominates in the cold half-year. The maximum variability in July is related to summer convective instabilities that could occasionally cause heavy local precipitation. The lowest variability in monthly amounts appears in April (37-62 %).
Extremes in the mean monthly precipitation amounts, expressed by the 98th percentile, show a large deviation (larger dispersion) from the median in autumn and the winter months. The largest differences are recorded at the northern coastal stations (2, 3, and 4). Extremely dry months with precipitation amounts equal to the 2nd percentile have the highest values in December (northern Adriatic), in April (middle Adriatic) and in November (southern Adriatic) when an extremely dry month can receive as much as 18-38 mm precipitation. The lowest values of the 2nd percentile are in October as well as in July and August from the middle Adriatic towards the south when there may be almost no precipitation (not shown).
Annual precipitation anomalies, computed relative to the referent period , show large interannual variability during the period 1951-2010 with practically no significant trend observed (Table 3b ). Although weak, the prevailing trends are negative and consistent at all stations from the middle to the southern Adriatic zone, thus in agreement with the drying trend observed across the Mediterranean (IPCC 2007) . The only positive annual trends are observed on the islands (stations 5 and 6) and at the northern Adriatic coast (stations 2 and 3). Seasonal precipitation trends are weak with a prevailing decreasing (negative) tendency in the winter and summer and a positive tendency in the spring and autumn. The driest 10 years are scattered throughout the period 1951-2010 showing no 
Downscaling forced by ERA-40
T2m
In most RCMs, a dominant cold bias in the cold part of the year is seen (Fig. 3) , whereas only in RCA a strong cold bias extends to all locations throughout the year, amounting to over -5°C at the southern Adriatic stations. Cold bias in the cold half-year indicates an overestimation of the amplitude in the T2m annual cycle. In HIRHAM and RACMO this overestimation of the annual cycle is mostly confined to coastal stations (cf. Fig. 1 ). Cold bias, similar to that in Fig. 3 , is also seen in (5-year running) annual means over a broader, Mediterranean, region for all RCMs except REMO (Lorenz and Jacob 2010) . 1951-2010 1981-2010 1951-2010 1981-2010 1951-2010 1981-2010 1951-2010 1981-2010 1951-2010 1981-2010 (a) Mean T2m (°C/10 years) In most RCMs, cold bias during the cold part of the year is associated with an overestimation of MSLP relative to observations (not shown). This could imply that over the northern Mediterranean region some RCMs tend to simulate more often (or longer lasting) anticyclonic weather situations than actually observed or to underestimate cyclonic circulations. During the cold part of the year stable boundary layers are often formed within high pressure systems, thus favouring (too) cold temperatures. The only RCM in Fig. 3 that displays a prevailing warm bias is REMO (similar to the PRUDENCE results; Jacob et al. 2007) , with a magnitude of over ?3°C during the late summer and autumn in the northern and central parts of eastern Adriatic.
For the northern island stations (5 and 6 in Fig. 1a) , a generally weak warm bias prevails in some models, whereas in the others the cold bias is somewhat reduced. A similar, but less pronounced, tendency towards warm bias is seen at some island stations in the southern Adriatic as well (11, 12). Lenderink et al. (2007) elucidated that the temperature in RCM simulations from the PRUDENCE project (in which all the RCMs considered here were also taking part, but for some models the earlier versions were used) is affected by soil drying and evaporation, as well as clouds and their radiative properties. Since we analyse temperature and its variability at locations that are largely influenced by sea, the impact of soil processes on T2m in our study should be less important, particularly at those locations where the fraction of land is relatively small (islands). The weak warm bias seen at sea points in Fig. 3 very likely indicates a dominant impact of an underlying SST on T2m. This is indirectly confirmed by the ERA-40 T2m above the Adriatic Sea points which is in all seasons higher than T2m over the adjacent eastern Adriatic land region (not shown).
Statistical significance of differences in the mean between the modelled and observed annual cycles of T2m is determined by the WMW nonparametric rank-sum test. Relatively large differences in RCA are statistically significant for all stations and throughout the annual cycle. For RegCM, almost all differences in the colder part of the year are significant, and for other models, all differences larger than ±1.5°C appear to be significant. The Student t test brings no difference in determining statistical significance when compared with the WMW test.
The above direct comparison of station data with the nearest single model grid box is contrasted with the one based on the model area averages. An area average is computed from 9 model grid boxes (3 9 3) centred at and surrounding an observation. The error patterns derived from such area averages are for all stations and across all models very similar to Fig. 3 . Some differences between the singlebox approach and the 9-box approach do exist but they are generally small and by no means uniform or statistically significant. This similarity further supports the usage of a single model grid point for comparison with observations.
Modelling errors in variance rarely exceed ±1°C (Fig. 4) , thus being much smaller than biases in the mean (Fig. 3) . Relatively small errors in Fig. 4 signify that the T2m interannual variability, which is externally forced by ERA-40, is represented reasonably well in all models. Similar results, that is, smaller errors in interannual variability than in the mean, were obtained by van for circulation indices derived from MSLP in PRUDENCE models over central Europe. At most island stations the T2m variance is underestimated in all models except the RegCM. Since the LSF in these locations is small, i.e. the impact from the underlying sea surface is dominant (except in the RegCM), such an underestimation could be associated with a relative weak year-to-year variability at the RCMs' lower boundary. Indeed, variation of the Adriatic SST in ERA-40, which provides the forcing at the lower boundary, is rather small reaching a maximum of 0.75°C in the autumn (not shown). Figure 5 shows that the spread of T2m monthly means among different models, defined as a deviation from the mean of all RCMs, varies between 1°C and nearly 3°C. The spread is smallest from April to June, i.e. when the observed interannual variability in T2m is at its minimum (Fig. 4 top left) . From January to March the large spread coincides with the largest observed variability, and in the second half of the year (July to December) a somewhat smaller natural variability corresponds to a relatively large spread. The increased spread in the late summer and further on in the autumn is related to increased model errors (Fig. 3) . Based on the above results, it could be inferred that the spread among RCMs is generally close to the observed natural variability and therefore we can be confident in the RCMs' simulations of the present climate. An estimate of extremes in the mean monthly temperatures at station locations is obtained by assessing the 98th and the 2nd percentiles from the CDF of monthly means. Although such an estimate would underestimate the maxima and minima derived from daily data, it nevertheless gives a fair approximation of how well RCMs represent extreme mean monthly temperatures. For both 98th and 2nd percentiles, the patterns and amplitude of model biases are very similar across stations and in the annual cycle to those for monthly averages depicted in Fig. 3 . The main difference, however, is found for the RegCM model, which displays a warm summer bias for the 98th percentile at most stations.
Precipitation
The RCMs' precipitation responses to the ERA-40 forcing are highly variable (Fig. 6) . The largest biases broadly coincide with the stations/seasons where small observed precipitation amounts normally prevail. However, the observed large autumn precipitation amounts at the coastal stations close to high orography (2, 3, 4 and 13) are relatively well reproduced by most models. Biases across models appear to be generally less statistically significant (shown by open circles in Fig. 6 ) than the mean biases in T2m; this is due to a much larger variance in precipitation than in temperature.
Differences in the representation of geophysical factors (terrain and land-sea distribution) in the RCMs considered cannot account for the diversity of responses in precipitation shown in Fig. 6 . Geophysical factors indicated in Fig. 2 and the models' LSFs, denoted at the right-hand side of each panel in Fig. 6 , are similar in all models except in the RegCM and for station 13. It would appear therefore, that differences in precipitation biases mainly arise because of the different formulations and/or properties of the RCM parameterisation schemes. For example, some RCMs have difficulty to accurately simulate summertime precipitation which is dominated by convection. The diversity of model biases shown in Fig. 6 also reflects a generally weak spatial coherence of precipitation, a feature which becomes more pronounced when simulated at relatively small scales. Interannual variability of precipitation, expressed by the coefficient of variation (c v ), is relatively well represented in most RCMs (not shown). The increased summer and autumn biases in some models imply that they have difficulties to adequately capture the variability that is related to convective precipitation. In REMO and RACMO large errors in interannual variability coincide with relatively large errors in the mean (cf. Fig. 6 ).
Precipitation extremes are defined from the 98th and the 2nd percentiles of monthly averages and for brevity are discussed without showing figures. The models' biases for the 98th percentile generally resemble to those in the mean shown in Fig. 6 . Most models substantially overestimate the minimum precipitation and relative biases often exceed 100 %. Such a deficiency could possibly be associated with the so-called ''drizzling effect'' when a no-rain situation is often represented in a model by light rain (e.g. Dai 2006 ).
Downscaling forced by the ECHAM5/MPI-OM global model
We first show and discuss biases in ECHAM5/MPI-OM with respect to observations. The pattern of T2m bias in ECHAM5/MPI-OM, cold bias in the cold period and a weak warm bias in the warm period (Fig. 7 left) , is indicative of an overestimation of amplitude in the T2m annual cycle. No differences between island and coastal stations are seen in ECHAM5/MPI-OM, except for station 12. This is a consequence of the GCM coarse resolution which entails that locations of most stations coincide with land points (Fig. 2) .
The ECHAM5/MPI-OM errors in temperature variability at the end of summer and in winter are relatively high (Fig. 7 middle) but still lower than errors in the mean. Since most station locations coincide with ECHAM5/MPI-OM land points, increased variability in summer may be related to a continuous soil drying; in the winter it could reflect, at least partially, variable snow conditions over land. The smallest errors in variability are found for the island station 12, the only station defined as the sea point in ECHAM5/MPI-OM.
Precipitation errors in ECHAM5/MPI-OM are almost exclusively negative (Fig. 7 right) . The underestimation of precipitation is largest at stations close to high orography and also in the warm half-year. Whereas the former suggests inadequate orographic forcing in the (northern) Adriatic region in ECHAM5/MPI-OM, the latter may be related to weak convective activity over the region in the global model. Differences between simulations forced by ECHAM5/ MPI-OM and simulations forced by ERA-40 reveal biases imported from the forcing GCM via the boundary conditions (e.g. Noguer et al. 1998; Branković et al. 2012) . We focus on the above differences at station locations throughout the annual cycle. The full biases from the ECHAM5/MPI-OM-forced runs are discussed when appropriate without showing figures. The T2m differences in Fig. 8 reveal some conspicuous features common to all RCMs. The differences are predominantly positive in the cold half-year, indicating a warm bias in the ECHAM5/MPI-OM-forced simulations, and a prevailing negative (cold or less warm bias) in the warm period, implying a reduction in the annual cycle of T2m in the ECHAM5/MPI-OM-forced runs relative to the ERA-40-forced runs. The warm differences in HIRHAM, RACMO and partly in REMO are associated with positive bias in cloudiness in the ECHAM5/MPI-OM-forced simulations (not shown), which prevents the loss of (longwave) radiative energy. In RCA, positive T2m differences throughout the year correspond, however, to the reduction of cloudiness in simulation forced by ECHAM5/MPI-OM, suggesting that some other physical processes might be responsible for a different response in this RCM. Such a response may also imply that the impact of the forcing data from ECHAM5/MPI-OM is weaker in RCA than in the other RCMs. No cloud data were available for the RegCM model. Errors in the T2m interannual variability (not shown) are smaller than errors in the mean, which is similar to the ERA-40-forced simulations. Since the evolution of interannual variability in RCMs is essentially controlled by the GCM boundary conditions, these relatively small errors confirm that ECHAM5/MPI-OM is capable of correctly reproducing the statistics of observed year-to-year variations. Differences among RCMs, however, do exist and in some RCMs, variability is underestimated at the island stations (with station 10 excluded) almost all year round. Such a characteristic cannot be related solely to the ECHAM5/MPI-OM external forcing at the lower boundary because the year-to-year variability in the GCM SST is identical at both island and coastal locations. It is possible therefore that the RCMs' physical parameterisations related to land surface processes and soil hydrology have a relatively strong impact on variability at coastal stations (e.g. Lenderink et al. 2007 ), but affecting less strongly the locations at the Adriatic islands.
For the T2m 98th and 2nd percentiles, differences between the RCMs' simulations forced by ECHAM5/MPI-OM and by ERA-40 reveal patterns that are comparable to those for the mean T2m discussed above (warmer winters, cooler summers), but with a somewhat larger amplitude. The resemblance of difference patterns among RCMs suggests that, irrespective of different individual errors shown in Fig. 3 , identical external forcing by ECHAM5/ MPI-OM generates broadly similar response in temperature extremes in all RCMs.
The pattern of precipitation errors in simulations forced by ECHAM/MPI-OM reveals a general underestimation of modelled precipitation in the warm and an overestimation in the cold period relative to station data (not shown). Differences between the ECHAM/MPI-OM-forced and ERA-40-forced runs, describing the errors imported from the GCM, are characterised by a decrease in precipitation in late spring and summer and by an increase during the rest of the year (Fig. 9) . Although the differences are not uniform across models or for all stations, at some locations similar RCM responses are found. For example, at coastal stations 2, 3 and 4 (also 13), located in the vicinity of relatively high mountains (cf. Fig. 1a) , a somewhat larger amplitude of positive differences is seen, coinciding with the largest monthly means in observed precipitation (Fig. 6  top left) . Such a pattern may be ascribed, at least partly, to a well know winter westerly bias in ECHAM/MPI-OM (e.g. Branković et al. 2010 ) that brings larger than observed precipitation over the European continent. Although the Adriatic region is relatively distant from Western Europe, where the westerly bias is most pronounced, it appears that the north Adriatic locations close to high orography could be affected by such GCM deficiency in the upper-air circulation fields.
The largest differences (and biases) at almost all stations are seen during November when the maximum precipitation in the annual cycle occurs. The reason for such an overestimation of precipitation is unclear, but it could be possibly associated with a strengthening of the south to southwesterly (moist) winds in large-scale circulation when RCMs are forced by ECHAM5/MPI-OM (not shown).
For the 2nd percentile, differences between the two sets of simulations (ECHAM5/MPI-OM-forced vs. ERA-40-forced) are very small in all models, particularly in the warm period and for stations in the middle and southern parts of the eastern Adriatic. This implies that precipitation minima are not much affected by the ECHAM5/MPI-OM boundary forcing. A much diverse picture emerges for the 98th percentile: differences between the ECHAM5/MPI-OM and ERA-40 simulations are relatively large, but with no dominant sign either at different locations or in different parts of the year. Thus, the ECHAM5/MPI-OM forcing at the boundaries affects large precipitation amounts which are modulated by individual RCMs parameterisation schemes.
Climate change
Climate change in three future 30-year periods of the twenty-first century in which concentrations of the GHGs were specified according to the IPCC A1B scenario are considered in this section. The periods are denoted as P1, P2 and P3 and span the years 2011-2040, 2041-2070 and 2071-2100 respectively. 
Changes in T2m
A warming over the Adriatic region appears to be a major change of the projected T2m in the period P1 relative to P0 (1961 -1990 Fig. 10 top) . It is projected to be strongest in late summer and autumn, amounting in RCMs to ?2°C, but the maximum warming varies in time and space among the models. In ECHAM5/MPI-OM (Fig. 10, top left) , the maximum warming is about 0.5°C higher than in the RCMs. For most locations and in all models, the warming in the warm part of the year is statistically significant at the 95 % confidence level; in the cold part, however, a warming less than ?1°C is mostly not significant. In most models, a weak (non-significant) cooling of less than -0.5°C is evident. Such a result could be, at least partly, explained by the differences in the models' physics and/or possibly by the impact of natural variability in the near-future climate which, for some regions and some variables, may even offset the climate change signal (Kjellström et al. 2011; Hawkins 2011 ).
In the periods P2 and P3, the warming in the RCMs is projected to increase further reaching in summer and early autumn ?3.5 and ?5.5°C in P2 and P3, respectively, and is comparable to projected values over a broader central Mediterranean region (e.g. Giorgi and Lionello 2008; Zampieri et al. 2012) . During P2, RegCM and REMO exhibit the largest warming (Fig. 10 middle) , whereas in other models the maximum warming is about 0.5°C weaker. The warming is statistically significant in all models throughout the year. Towards the end of the twenty-first century, in the P3 period, all RCMs indicate a statistically significant warming (Fig. 10 bottom) . The ECHAM5/MPI-OM projected maximum warming in P2 is again higher than in the RCMs. In P3, the warming extends to all Croatian Adriatic locations spanning a large part of the year and at the extreme south the amplitude of warming reaches 7.5°C. The larger projected warming in ECHAM5/MPI-OM relative to the RCMs could be possibly explained by enhanced soil drying over land points that dominate the Adriatic region in the global model. This is indirectly confirmed by reduced amplitude of warming throughout the year at station 12, the only sea point in ECHAM5/MPI-OM.
In most RCMs, the warming is slightly weaker at almost all island locations (stations 5, 6, 11, 12) . This may suggest either an effect of the cooler SST relative to the land surface temperature or/and a reduced land-drying effect at those points where the proportion of sea water is relatively large. Specifically, because of the smaller proportion of land at the island than at coastal locations (smaller LSFs), warm temperatures are less enhanced by the effect of soil moisture depletion . For some models a close association between the forcing SSTs and T2m is found in both P2 and P3. For example, in HIRHAM and RACMO a stronger warming at island locations from June to October and a relatively weaker warming during the rest of the year is consistent (proportional) with the change of SST forcing for the same period (not shown).
The intensity of projected future warming is further confirmed by mean annual trends in the T2m for the period 2011-2100, amounting to between 0.3 and 0.5°C per decade. For comparison, model simulated trends in the period 1951-2010 are between 0.05 and 0.15°C per decade, but it should be noted that RCMs underestimate observed trends in the period 1951-2010, which, at different locations, varied between 0.07 and 0.22°C per decade (see also Sect. 3.1).
For the T2m 98th percentile, the pattern of change in the RCMs is similar to that for the mean, but with the amplitude of warming exceeding ?7°C in the P3 summer months (not shown). For the 2nd percentile, warming in P1 rarely exceeds 2.5°C and the largest warming in P3 does not exceed ?5°C, implying that the future warming of cold extremes is projected to be smaller than that for warm extremes.
Changes in precipitation
A mixed response of increased and decreased precipitation is projected for the P1 period across models and in the annual cycle (Fig. 11, top) . A general tendency towards reduced amounts of precipitation relative to the reference climate, particularly in the spring and January, is contrasted by a wetter December and some summer months. No distinct partitioning between various parts of the eastern Adriatic could be seen. The results in Fig. 11 (top) are essentially consistent with those obtained by Déqué and Somot (2010) , who found from the PDF analysis of ENSEMBLES models that, before the middle of the twenty-first century, climate change for precipitation may be rather uncertain. This is confirmed in Fig. 11 (top) where most changes in P1 are not statistically significant.
Around the mid twenty-first century (P2, Fig. 11 middle) a clearer pattern emerges: a prevailing reduction of precipitation in the warmer part of the year-from April to August (September) and an increased precipitation from December to February (March). The decline in precipitation in late spring and early summer appears to be more pronounced in the southern than in the northern part of the Adriatic, amounting to about 50 % of the climatological value for the RACMO model in July. However, despite such a relatively large amplitude of reduction, the changes are, similar to P1, statistically significant only at few locations. Interestingly, in all models, December persists in being wetter than the current climatology. The summer drying in P2 is consistent with that shown in Branković et al. (2010) for the driving ECHAM5/ MPI-OM. Although a non-uniform signal during the summer in Fig. 11 (middle) indicates a diversity of parameterisation schemes used across the RCMs, the underlying drying that dominates downscaled simulations may indicate the prevailing impact of the GCM boundary forcing.
Towards the end of the twenty-first century (P3, Fig. 11  bottom) the pattern of precipitation climate change remains essentially similar to that from P2: in the warm part of the year, dominant drying has larger amplitude and is now more statistically significant than in P2. The drying in ECHAM5/MPI-OM, which is statistically significant in the summer, extends to September and October. In most models, a weak increase in precipitation is seen in the autumn and a somewhat wetter regime prevails in the winter.
Summary and conclusions
The outputs from five different RCMs that participated in the EU-sponsored project ENSEMBLES, all forced by ERA-40 at about 25-km horizontal resolution, were compared with T2m and precipitation climatological data from 13 stations located at the Croatian coast for the period . Simulated trends for a longer time period, 1951-2010, were compared with the observed ones, and estimates of projected climate change for three successive 30-year periods (2011-2040, 2041-2070, 2071-2100) in the twenty-first century are given. For the twenty-first century climate, all RCMs were forced by the same GCM (ECHAM5/MPI-OM) under the IPCC A1B scenario.
Though a typical (northern) Mediterranean climate dominates the Croatian coast, variations in local climate are caused by different geophysical characteristics at the stations' location, that is, by orography and the region's complex coastal configuration (articulated through the land-sea contrast). Orography plays a role at some locations in the northern and in the extreme southern part of the eastern Adriatic, but it is less important (though not completely negligible) elsewhere on the coast and at the islands. These diverse geophysical properties, closely linked with parameterisation schemes, are represented differently in the RCMs.
Differences in climatology between various parts of the Adriatic, particularly the north-south variation, are seen in the observations. The Adriatic Sea moderates temperature extremes and has a cooling effect in the summer and reduces the cold in the winter. In the mean annual T2m, an increase in the trend between 0.07°C and (statistically significant) 0.22°C per decade is revealed in the period 1951-2010. In a shorter period , trends for all stations are significant and amount to between 0.29 and 0.71°C per decade; within the recent shorter periods this increase is amplified even further. The Adriatic islands receive far less precipitation than the coast, particularly when compared with those stations located in the vicinity of the Adriatic east coast mountains. Trends in precipitation are not significant and they are generally weak negative.
When forced with ERA-40, a cold bias in the mean T2m appears to be dominant in most models; it is larger in the colder than in the warmer part of the year implying an overestimation of the amplitude of the T2m annual cycle. The largest strong cold bias amounts to over -5°C at the southern Adriatic stations and only errors greater than ±1.5°C appear to be statistically significant. The T2m interannual variability, on the other hand, is well represented-errors are smaller than those in the mean (see also for PRUDENCE experiments). Precipitation response to ERA-40 forcing in five RCMs are highly variable but biases are generally largest for stations (regions) where precipitation is relatively small. The increased summer and autumn wet biases may imply that some models have difficulties to adequately capture variability which is linked to convective precipitation. In most models, the minimum precipitation is substantially overestimated and relative biases often exceed 100 %.
It is reasoned that the ECHAM5/MPI-OM GCM coarse resolution (*200 km) cannot adequately resolve the landsea distribution in the Adriatic region (where most grid boxes are represented as land) and consequently smallscale processes cannot be appropriately represented. In addition, underestimation of precipitation at the locations close to high orography suggests an inadequate orographic forcing in ECHAM5/MPI-OM in the Adriatic region considered.
When RCMs are forced with ECHAM5/MPI-OM, their responses are in many ways qualitatively similar to those for ERA-40 forcing. For example, cold bias dominates the mean T2m and broadly similar responses are found in temperature extremes in all RCMs, irrespective of different RCMs errors. Errors in precipitation are characterised by a Errors in T2m interannual variability are smaller than errors in the mean, a known feature already discussed in the literature. However, in many RCMs considered here, variability is underestimated at the islands almost throughout the year. This cannot be related exclusively to the ECHAM5/MPI-OM external forcing at the lower boundary because, due to a relatively coarse resolution, the year-to-year variability in the GCM SSTs is identical at both island and coastal locations. We hypothesise that the RCMs' parameterisations related to land surface processes and soil hydrology have a relatively stronger impact on variability at those locations where the proportion of land is larger than that of sea, i.e. at the coastal stations (e.g. Lenderink et al. 2007 ), but affect less strongly locations at the Adriatic islands which include a small fraction of land.
A statistically significant warming is projected to be a major climate change in the eastern Adriatic region in all three 30-year periods of the twenty-first century. The largest temperature increase is projected for the summer and early autumn, gradually rising from ?2°C in the near future to ?5.5°C towards the end of the twenty-first century, respectively. However, the projected rise varies across models as well as in time and space. Future warming is somewhat weaker at most island locations when compared to that at the coast. It was argued that such a signal might be related either to the effect of relatively cooler SSTs or/ and to a reduced land-drying effect which is normally caused by the effect of soil moisture depletion, particularly in the warm part of the year. The latter effect may be linked with the generally small size of the Adriatic islands and therefore a smaller proportion of land in a model's grid box (smaller land-sea fraction) than at the coastal locations. The twenty-first century (2011-2100) annual trends in T2m are projected to be between 0.3 and 0.5°C per decade, which is far greater than the observed trends in the period 1951-2010-between 0.07 and 0.22°C per decade.
For the first half of the twenty-first century no clear signal is projected in precipitation. A dominant reduction in precipitation is seen only from the middle of the twentyfirst century, mainly in the late spring and early summer in the southern Adriatic. Although it amounts to about 50 % of the reference climate, this change is statistically significant only at few locations.
The projected climate changes over the Croatian Adriatic region in ECHAM5/MPI-OM are larger than in any RCM. This is linked with too coarse spatial resolution of the global model. The most significant deficiency is a misrepresentation in the partitioning between land and sea in GCM's grid boxes but also inadequate representation of regional steep and high orography. It has been shown that, in an environment like the Croatian Adriatic, climate simulations by global models could be deficient because they are unable to represent sufficiently well processes which originate at and depend on scales that are smaller than the size of their grid box. On the other hand, our results indicate that the current RCMs, when integrated at relatively high horizontal resolution (25 km), are capable of reproducing the main features of observed climate and climate variability in the eastern Adriatic. Although nonnegligible modelling errors-both external (imported) and internal-do exist, they do not preclude the usage of RCMs in projections of future climate. It has been demonstrated that given sufficiently strong external forcing at the boundaries (as towards the end of the twenty-first century), the intra-model spread could be alleviated. A careful interpretation of the results is undoubtedly required, particularly if the strength of the climate change signal is comparable with the amplitude of model errors.
